Oxidative stress is an imbalance between cellular production of reactive oxygen species and the counteracting antioxidant mechanisms. The brain with its high oxygen consumption and a lipid-rich environment is considered highly susceptible to oxidative stress or redox imbalances. Therefore, the fact that oxidative stress is implicated in several mental disorders including depression, anxiety disorders, schizophrenia and bipolar disorder, is not surprising. Although several elegant studies have established a link between oxidative stress and psychiatric disorders, the causal relationship between oxidative stress and psychiatric diseases is not fully determined. Another critical aspect that needs much attention and effort is our understanding of the association between cellular oxidative stress and emotional stress. This review examines some of the recent discoveries that link oxidative status with anxiety, depression, schizophrenia and bipolar disorder. A discussion of published results and questions that currently exist in the field regarding a causal relationship between oxidative and emotional stress is also provided.
INTRODUCTION
A widely accepted theory is that chronic, persistent stress triggers numerous illnesses. However, exactly how that occurs is a complex process that is not fully understood. The term "stress" is used rather vaguely and often defined in a somewhat confusing manner. Actually, "everybody knows what stress is, and nobody knows what it is", once noted by Hans Selye [1] conveys the vagueness of the word "stress". Well, based upon current knowledge, it is safe to define stress as "a physical, chemical, or an emotional factor that causes bodily harm often causing disease". If we focus on stress as an "emotional factor", the association between stress, anxiety, depression and cognitive dysfunction comes to mind. If we focus on stress as a physiological stressor, one is reminded of hypertension and other cardiovascular conditions. Stress, physiological or emotional is reported to trigger co-occurrence of these conditions. Several attractive theories have been postulated to address the biochemical basis of these observations, one of which is the oxidative stress theory. In 2005, Gingrich [2] proposed that "oxidative stress is the new stress". This seems reasonable considering the reported association of psychological stress with higher levels of oxidative damage [3] [4] [5] [6] . Present discussion focusses on this concept proposing that oxidative stress mechanisms mediate cognitive, emotional and physiological health.
Oxidative Stress
Oxidative phosphorylation takes place in the mitochondria and is a major source of ATP in aerobic organisms. As a by-product, it produces free radicals, *Address correspondence to this author at the Department of Pharmacological and Pharmaceutical Sciences, College of Pharmacy, Room 557, University of Houston, Texas, TX77204, USA; Tel: +1 713-743-1776; Fax: +1 713-743-1229; E-mail: ssalim@uh.edu including reactive oxygen species [ROS] , reactive nitrogen species [RNS], carbon-centered and sulfur-centered radicals [7] . Free radicals are atoms or groups of atoms with an unpaired number of electrons, which are highly reactive substances that can result in chain reactions, with each step forming a free radical [8] . The process of oxygen reduction to water generates ROS as intermediates that can cause damage [9] . The primary ROS generated in humans are hydrogen peroxide [H 2 O 2 ], superoxide radical [O 2 ] and hydroxyl radical [OH ] . The superoxide radical is generated during auto-oxidation of hemoglobin, and photolysis. Superoxide is not particularly reactive by itself, but can be catalytically converted by superoxidase dismutases [SOD] to H 2 O 2 , which decomposes to yield the highly reactive hydroxyl radical in the presence of iron. RNS mainly include nitric oxide [NO] and nitrogen dioxide. Nitric oxide is a free radical by its unpaired electron, which can also produce hydroxyl radicals and nitrogen dioxide radicals.
In general, any abnormal increase in an oxidative stress promoting substance, often called pro-oxidants, is mitigated by an antioxidant response. The pro-oxidant/antioxidant balance is critical. When this balance is disturbed, oxidative and nitrosative stress is initiated as a result of overproduction of ROS and/or insufficiency of the antioxidant defense mechanisms [10, 11] . In the balanced redox status, ROS are beneficial for normal physiological functions and protect the cell from infections by destroying invading pathogens [12, 13] , function as second messengers in the regulation of cardiac and vascular cell functioning [13, 14] and are involved in intracellular regulation of calcium concentration, in protein phosphorylation and/or dephosphorylation. Excessive ROS, however, may have detrimental effects [11] and can disturb the maintenance of normal adenine and pyridine nucleotide status, which can affect the viability of DNA, introduce mutation, and modify gene expression [15] . Protein oxidation by ROS can lead to loss of sulfhydryl groups and modifications of amino acids that render proteins nonfunctional [16, 17] , and cause peroxidative damage to lipids eventually damaging cell membranes [18] . Hence it is generally believed that, at low concentrations, ROS and RNS are involved in response to injury or infection [13] . When ROS/RNS ratio is increased, the cellular detoxification and repair capacity is diminished leading to an oxidative stress build-up. Hence, oxidative stress can be considered as a state where the level of oxidants [hydrogen peroxide, superoxide, nitric oxide, etc.] produced by biological reactions exceeds the oxidants scavenging capacity of the cells. These oxidants modify cellular macromolecules [proteins, DNA, lipids] and alter cellular functions [19] resulting in apoptosis or necrosis [20] [21] [22] .
The brain with its extensive capacity to consume large amounts of oxygen and production of free radicals, is considered especially sensitive to oxidative damage [12, 23] . Therefore, it is not surprising that oxidative stress is implicated in several disorders of the brain including neurodegenerative disorders [23] [24] [25] [26] , psychiatric ailments [27] , and anxiety [28] . This association is largely due to the high vulnerability of brain to oxidative load [27] . Several theories have been proposed over the years to conceptualize the pathophysiology of these disorders. While most classical theories suggest involvement of traditional signal transduction mechanisms including abnormalities in the gamma amino butyric acid [GABA] and serotonin receptor systems in the etiology of anxiety, depression and other stress-related illnesses [29] , oxidative stress theory also seems quite plausible.
This seems particularly appealing considering that psychological stress is reported to result in the production of ROS, like superoxide anion radical [ [30] . H 2 O 2 can be reduced to water and molecular oxygen by either CAT or GPx [31] . Besides detoxifying H 2 O 2 , GPx can also reduce lipid and non-lipid hydroperoxides at the expense of reduced glutathione [GSH] , which is in turn oxidized, forming glutathione disulfide [GSSG] . GSH is the most important non-enzymatic endogenous antioxidant and can be regenerated by GSR with the consumption of nicotinamide adenosine dinucleotide phosphate [NADPH] [32] . Thus it can be concluded that oxidative stress reflects a state of cellular imbalance, in which ROS production exceeds antioxidant response mechanisms which help to neutralize ROS-mediated oxidative damage to DNA, RNA and lipids resulting in a variety of different pathophysiological consequences [33, 34] .
Anxiety and Oxidative Stress
A brief episode of anxiety caused by a stressful event such as that of public speaking is a normal reaction to immediate stress and in fact is a motivation to do better. But when anxiety becomes irrational, persistent and excessive, it is pathological and often manifests into anxiety disorders. There are several types of anxiety disorders including panic disorder, post-traumatic stress disorder, obsessive-compulsive disorder and generalized anxiety disorders [35] . It is widely accepted that an interplay of genetic, developmental and environmental factors contribute to the pathogenesis of anxiety. As far as the treatment for anxiety disorders are concerned, benzodiazepines and selective serotonin reuptake inhibitors [SSRIs] are considered the "gold standard". Although clinically useful, chronic use of benzodiazepines leads to tolerance, dependence and sedation. SSRIs require weeks to work and are not without side effects either. Better alternatives over existing anxiety treatments are needed but poor understanding of the pathophysiological mechanisms of anxiety has impeded discovery of novel interventions for a long time. A provocative concept away from the traditional GABA and serotonin theories is the involvement of oxidative stress in anxiety [28, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] .
Several investigators have suggested a link between oxidative stress and certain anxiety disorders [obsessivecompulsive disorder and panic disorder], demonstrating that oxidative metabolism, can affect the regulation of anxiety. Several reports [28, [36] [37] [38] [39] [40] including our own published findings [41] [42] [43] [44] [45] [46] [47] [48] [49] , have produced interesting results, suggesting relevance of oxidative stress to mental disorders. The causality of oxidative stress in these disorders still seems far from determined. Most studies suggest associative links but not causal roles. Animal studies on the other hand have been quite useful in clarifying role of oxidative stress in anxiety-like behaviors in rodents. Several studies have suggested causal a role of oxidative stress in anxiety-likebehaviors in rats [36, 37, 40, 41] , where genetic alterations or pharmacologically induced oxidative stress was reported to cause anxiety-like behavior and treatment with antioxidants or genetic manipulation seemed to prevent drug-induced anxiety-like behavior, all suggesting causal role of oxidative stress. The question whether behavioral outcome of artificial induction of oxidative stress can be mimicked in situations where oxidative stress occurs as a consequence of psychological stress is an interesting one. Relevant to this, Vollert et al. [2011] [44] demonstrated that sleep-deprivation causes anxiety-like behavior and induces oxidative stress in the brains of rats. In a recent study [46] using a social defeat model of psychological stress reported that social defeat stress induces oxidative stress and causes anxiety-like behavior in rats.
Current studies seem to suggest an important role for some specific antioxidant enzymes in anxiety-like behaviors. In recent studies from our lab, we observed that the expression of two antioxidant enzymes involved in the oxidative stress pathway and implicated in anxiety-like behaviors [42, 44, 45] , glyoxalase [GLO]-1 and glutathione reductase [GSR]-1, were reduced in the hippocampus, amygdala and the cortex of pro-oxidant buthionine-[S,R]-sulfoximine [BSO] treated rats, which was prevented with antioxidant grape powder treatment. Perhaps, failing antioxidant defense contributed by reduced expression of GLO1 and GSR1 leads to anxiety-like behavior in these animals. Earlier, GlO1 and GSR1 in correlation with oxidative stress metabolism were reported to be involved in anxiety-like behavioral phenotypes. Overexpression of GLO1 and GSR1 in the mouse brain resulted in increased anxiety-like behaviors. However, inhibition of GLO1 expression by siRNA decreased anxiety-like behaviors [36] . Moreover, BSO-induced increased expression of the mitogen activated protein kinase [ERK1/2] in the amygdala, cortex and hippocampus was prevented with antioxidant grape powder treatment. ERK1/2 has been reported to be upregulated in response to induction of oxidative stress [50, 51] and role of ERK1/2 in anxiety, stress, memory, plasticity and depression [52] [53] [54] [55] is also known. These observations of increased ERK1/2 activation upon induction of oxidative stress and its prevention with grape powder is particularly interesting considering a previous report where resveratrol was reported to reduce ERK1/2 activation and suppress expression of pro-inflammatory molecules, interleukin [IL]-1 and tumor necrosis factor [TNF]- [56] . Perhaps, grape powder attenuates ERK1/2 mediated increase in inflammatory markers and in this manner confers neuroprotection.
It is likely that multiple signaling pathways involving antioxidant [42, 44] , anti-inflammatory [45] , and/or antiapoptotic [57] mechanisms may regulate anxiety-like behavior. Additional evidence supporting the hypothesis that NOX-derived ROS are involved in the pathophysiology of anxiety and bipolar disorders has also been presented [58] [59] [60] [61] [62] [63] [64] . In fact, it is proposed that anxiety and mood disorders are closely linked to NOX-mediated oxidative stress [28, 36, 37, 65, 66] . BSO-induced anxiety-like behaviors were reported to be antagonized by the NOX inhibitor apocynin and PDE 2 inhibitor [37] . Moreover, NOX2-derived oxidative stress is reported to be involved in the development of anxiety disorder after application of social isolation in mice. A marker of oxidative stress 8-hydroxy-2'-deoxy-guanosine was reported to be increased following social isolation [66] . This is in agreement with the report of Patki et al.
[2013b] [49] in which social defeat stress induced oxidative stress markers in rats. It is speculated that increase in oxidative stress could be in part due to NOX2 activation in microglia, because the pretreatment with apocynin prevented both behavioral and pathological alterations induced by social isolation [66] . Patki et al. [2013b] [49] attributed rise in oxidative stress in response to social defeat to a failing antioxidant system arising from an inflammation build up. The question of causality still persists.
Depression and Oxidative Stress
Depression is a complex and heterogeneous disorder that has a negative impact on quality of life, morbidity/mortality, and cognitive function [67, 68] . Over the years, several mechanisms including genetic predisposition, monoamine deficiency, abnormalities in circadian rhythm, hypercortisolemia, and increased levels of inflammatory cytokines have been proposed to be involved in its pathogenesis [69] . In the last several years, oxidative stress has received much attention with regards to psychiatric illnesses including depression and oxidative stress and has been proposed as a contributing factor in the pathogenesis of depression [27] . Several lines of evidence indicate involvement of oxidative and nitrosative stress in the pathophysiology of major depression [MDD] [70, 71] . Increased levels of ROS and RNS in MDD, including peroxide [70] and NO [72, 73] and altered levels of antioxidant defenses, such as glutathione [GSH] in the postmortem MDD brain have been demonstrated [74] . Accordingly, oxidative and nitrosative [O&NS] mechanisms have been proposed as targets for novel antidepressants [75] . This is not surprising considering that depression is known to be accompanied by inflammation, oxidative and nitrosative stress. In fact, significantly lower plasma concentrations of several key antioxidants, such as vitamin E, zinc and coenzyme Q10, as well as lower antioxidant enzyme activity, have been reported in major depression [70] . Association between depression and polymorphisms in genes involved in oxidative pathways, including manganese superoxide dismutase [SOD] and catalase [CAT] is also known [70] . Recent studies suggest that oxidative and nitrosative stress pathways may contribute to the pathogenesis of depression by interacting with neurogenesis/ neuroplasticity, neuroinflammation and monoamine reuptake process [76, 77] . The current thought is that the antidepressants exert their therapeutic effect by suppressing proinflammatory cytokines and ROS/RNS production or enhancing antioxidant defense [75] . Molecular targets involved in the oxidative/nitrosative stress including nicotinamide adenine dinucleotide, niacin, brain-derived neurotrophic factor, glycogen synthase kinase 3, heme oxygenase, nuclear factor E2-related factor 2 and telomerase are believed to be connected to the pathophysiology of depression [75] .
It was reported that individuals who suffer from depression displayed lower serum/plasma antioxidant potentials and reduced brain GSH levels. Also, F2-isoprostanes circulatory levels are increased in depressed subjects and are correlated with the severity of depressive symptoms. Urinary excretion of 8-hydroxydeoxyguanosine seems to be higher in depressed patients when compared to healthy controls. Thus substantial data support the concept that depression is accompanied with heightened oxidative stress and that antidepressant treatments may reduce oxidative stress, suggesting that perhaps augmentation of antioxidant defenses is one of the mechanisms underlying the neuroprotective effects of antidepressants [78] . Although oxidative stress was found to be elevated in patients with depression but may not be causal since treatment with either bupropion or sertraline significantly reduced the symptoms of depression but increased F2 isoprostane excretion [79] . Thus animal research examining causality of oxidative stress in depression-like behaviors has been limited.
Schizophrenia and Oxidative Stress
Schizophrenia is a complex and debilitating psychiatric illness, with the least understood etiology. Several theories including abnormal neuronal development, impaired neurotransmission, viral infections, and autoimmune dysfunctions have been proposed [67, 68] . Oxidative stress is one such theory. Although role of oxidative stress in schizophrenia is not entirely new, as generation of toxic radicals in the etiology of schizophrenia was proposed back in the 1950s [80] , oxidative stress theory is gaining momentum and seems quite pertinent considering the evidenced increased production of ROS and decreased occurrence of antioxidant protection in schizophrenic patients. Genetic studies also have linked polymorphisms in genes of oxidative pathway to schizophrenia.
Several studies have demonstrated symptom severity with antioxidant status, linking defects in antioxidant defense system with schizophrenia. Reports of normalization of oxidative stress parameters with antipsychotic treatment and the therapeutic benefit of some antioxidants such as vitamin E and EGb, have provided indirect evidence for involvement of oxidative in the pathophysiology of the disease. Supplementation of vitamin C, vitamin E, the combination of vitamin C and vitamin E, or the mixture of fish oil has been shown to reduce oxidative stress and improve clinical symptoms in patients with schizophrenia [81] . A recent study indicated that ginkgo may also help ameliorate schizophrenia symptoms [82] perhaps via its antioxidant properties. A number of studies have shown that the Nacetyl-cysteine [NAC], a precursor of antioxidant glutathione [GSH] and known to restore endogenous GSH and maintain the oxidative balance in the cell, is relevant for treatment of schizophrenia [83, 84] . Several studies have reported elevated SOD activity in chronic schizophrenic patients [85] [86] [87] [88] [89] [90] [91] [92] , while decreased SOD activity has also been reported [93, 94] . Significantly increased plasma SOD activities were reported in chronic schizophrenic patients that were put on antipsychotic medication and SOD activities negatively correlated with positive symptoms of schizophrenics [89] , suggesting involvement of endogenous antioxidative mechanisms. Furthermore, the GSH-Px levels were reported to be lower in schizophrenia patients as compared to controls, in schizophrenic patients on neuroleptics [74, [94] [95] [96] [97] and psychotic children [98] with the exception of one report where markedly increased GSH-Px activity was observed [86] which may indicate the differences in antioxidants between various subtypes of schizophrenia [99] . Although no association was detected between a GPX1 polymorphism and susceptibility to schizophrenia [100] , later studies reported a strong negative correlation between the activity of GSH-Px and brain atrophy in chronic schizophrenic patients, revealing that low GSH-Px is a contributing factor to structural brain abnormalities [101] [102] [103] .
In addition, a link between an increased NOX activity and resultant superoxide production in interneurons of the ketamine-induced schizophrenic model, also have been reported [104] . NOX expression and activity were upregulated in the temporal region of mild cognitive impairment patients [105] . Finally, it seems that oxidative stress affects several critical cellular processes including mitochondrial signaling and neuronal excitability, both of which adversely affect neuronal phenotypes and contribute to the pathology of schizophrenia and mood disorders [106] . Therefore, interneuron deficits observed in the brains of patients with schizophrenia and mood disorders when mimicked or reproduced in animal models by exposure to oxidative stress will be extremely valuable. These studies can clarify role of oxidative stress in the neuropathology of major mental illnesses [107, 108] .
Bipolar Disorder and Oxidative Stress
Bipolar disorder, characterized by intermittent episodes of mania or hypomania, usually interlaced with depressive episodes. It is also a serious mood disorder clinically presented as unusual shifts in mood, energy and cognitive levels, with or without depressive episodes. Symptoms are different from the normal ups and downs, and may seriously damage relationships, job or school performance, and even cause suicide [35] .
Several studies have reported that patients with bipolar disorder have significant alterations in antioxidant enzymes, lipid peroxidation, and nitric oxide levels, such as increased lipid peroxidation and increased NO levels [109] . Interestingly, increased oxidative stress parameters and activated antioxidant defenses may be associated with the psychiatric phase of the disease: euthymic, depressed or manic [110] , or the number of the manic episodes [111] . However, there are conflicting results, such as alterations in antioxidant enzymes or the association between psychiatric phase of the disease and oxidative stress parameters [109] . Together, the above findings suggest a role of free radicals and antioxidants in the pathophysiology of bipolar disorder and major depression, although further investigations are needed. Similarly, add-on treatment of NAC was also found to be beneficial in patients with bipolar disorder [112, 113] or with moderate depression [114] . The level of tyrosine nitration that reflects the levels of endogenous ROS ONOOwas significantly higher in bipolar patients than in healthy controls [92] .
CONCLUSION
In summary, accumulating evidence implicates free radical-mediated pathology, altered antioxidant capacity, neurotoxicity and inflammation in neuropsychiatric disorders. To what extent oxidative stress contributes to specific clinical symptomatology of these complex and debilitating psychiatric ailments remains to be seen. A major question remains regarding the causal role of oxidative stress in these illnesses, which is highly critical for early and preventive intervention.
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